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SUMMARY 
 
1. Understanding landscape scale variation in reproductive and pollination success is a 
major aim of plant population biology. A potential determinant of reproductive success 
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that has received surprisingly little attention so far is variation in nectar chemical 
composition across plant individuals and populations. Using the Lepidoptera pollinated 
fragrant orchid (Gymnadenia conopsea) as a model species, we aimed at providing a first 
account of landscape scale variation in nectar amino acid and sugar composition, its 
environmental drivers, and how it may affect plant fruit set.  
2. Nectar was sampled from 986 flowers from 296 individuals across eleven discrete 
populations of the G. conopsea. The proportions of sugars and amino acids were 
determined using high performance anion exchange chromatography. Nectar composition 
was related to soil characteristics of the populations, and to fruit set, using linear mixed 
models. 
3. Approximately 20% of the variance in nectar traits was situated between populations, 
whereas the highest proportion of variance (c. 45%) was found among flowers within 
individuals. Soil carbon and nitrogen content affected both nectar concentration and 
composition. Furthermore, fruit set of G. conopsea individuals was found to be 
significantly related to nectar amino acid and sugar composition. 
4. Synthesis. These results show that landscape scale variation in nectar amino acid and 
sugar composition should be taken into account in future studies of plant reproductive 
success. Furthermore, there is also high within-plant variation in both nectar amino acid 
and sugar composition. This variation may reduce geitonogamous pollination but it may 
also limit rapid pollinator-mediated selection on nectar composition.  
 
Key-words: Gymnadenia conopsea, HPAEC-PAD, nectar composition, pollinator 
mediated selection, reproductive ecology, reproductive success, within-plant variation, 
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INTRODUCTION 
 
The plant–pollinator mutualism is likely to be the most ecologically important animal–plant 
interaction, as it is crucial for plant reproductive success. Reproduction of almost 90% of all 
wild plant species depends on animal pollination (Ollerton, Winfree & Tarrant 2011), and 
insect pollination is also essential for the yield of c. 35% of all crop species (Klein et al. 
2007). A vast body of research has related landscape scale variability in plant pollination rates 
and reproductive success to plant population size and density, and to the population’s 
landscape context (Hobbs & Yates 2003; Ghazoul 2005). Meta-analysis of these studies have 
concluded that among population variation in pollination rates and reproductive output can be 
at least partially attributed to these population characteristics (Aguilar et al. 2006; Eckert et 
al. 2010). There remains, however, a large proportion of variation in reproductive success 
within and across studies that cannot be explained by plant population size, density or the 
population’s landscape context, and although this has also been attributed to the adopted 
sampling regimes (Hadley & Betts 2011), relatively little is known regarding the biological 
drivers of pollination success at the landscape scale, including the presence of pollinator food 
resources (Steffan-Dewenter & Westphal 2008). 
 An important potential determinant of pollination success that has received 
surprisingly little attention so far is nectar chemical composition. Especially its variation 
across and among plant individuals and populations at a landscape scale is gravely 
understudied. Nectar, a sweet and chemically complex aqueous secretion, is the most 
common form of floral reward that plants offer to their pollen vectors (Simpson & Neff 1983; 
Nicolson & Thornburg 2007), and it is a very important mediator of the plant-pollinator 
interaction (Heil 2011). It is known, for example, that the manual addition of artificial nectar 
to nectarless orchid species significantly increases fruit set and the degree of geitonogamous 
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pollination (Johnson, Peter & Ågren 2004; Jersáková & Johnson 2006). In turn, pollinators 
depend on nectar as their primary food source, and changes in nectar supply through altered 
plant community composition is suspected to have caused a widespread pollinator decline 
(Biesmeijer et al. 2006; Wallisdevries, Van Swaay & Plate 2012). 
The most abundant constituents of nectar are sugars and amino acids (AAs) (Nicolson 
& Thornburg 2007). The most frequently occurring nectar sugars are the disaccharide sucrose 
(Suc) and the hexose monosaccharides glucose (Glc) and fructose (Fru) (Baker, Baker & 
Hodges 1998). Nectar sugars are an important energy and carbon source for pollinators, and 
the Suc/hexose ratio in a species was shown to be related with pollinator type (e.g. Baker & 
Baker 1975; Baker & Baker 1983; Wolff 2006). Nectar AAs are present in much lower 
concentrations than sugars, but they are considered equally important. The nitrogen (N) in 
AAs is an essential nutrient for pollinators, especially for Lepidoptera and other pollinators 
that cannot use N-rich pollen as a food source (Mevi-Schütz & Erhardt 2005; Cahenzli & 
Erhardt 2013). All 20 standard AAs have been identified in plant nectar, in addition to some 
non-coded AAs (Nicolson & Thornburg 2007). The AA concentration and composition not 
only affects the nutritional and energetic content of nectar (Nicolson & Thornburg 2007), it 
also makes nectar more or less attractive to specific pollinators because it influences nectar 
taste (Gardener & Gillman 2002) and scent (Raguso 2004). Nectar AA composition may 
therefore elicit specific behavioural responses in pollinators and affect plant pollination rates 
(González-Teuber & Heil 2009; Nepi 2013). 
Due to technical difficulties associated with early analytical techniques, research on 
nectar composition has traditionally focused on comparisons between different plant species, 
through pooling nectar samples from a limited number of individuals of the same species 
(Percival 1961; Van Wyk 1993; Barnes, Nicolson & Van Wyk 1995; Perret et al. 2001). This 
has resulted in the early prevailing notion that nectar chemistry is a relatively invariant 
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species-specific trait (Wykes 1952; Percival 1961; Lanza et al. 1995). During the past decade, 
however, evidence has accumulated that nectar sugar composition is highly variable, both 
among and within populations (Lanza et al. 1995; Herrera, Pérez & Alonso 2006; Farkas et 
al. 2012), and there is also some evidence of intraspecific variability in AA composition 
(Lanza et al. 1995; Gardener & Gilman 2001a; Nocentini et al. 2012 & 2013). So far, nectar 
composition studies, and especially those focusing on AAs, have been typically based on 
small sample sizes. How nectar composition naturally varies at a true landscape scale remains 
unknown. Experimental studies have reported that litter availability may affect nectar sugar 
content (Baude et al. 2011), whereas soil nutrient levels were shown to influence both nectar 
production (Burkle & Irwin 2009) and nectar AA content (Gardener & Gillman 2001b). 
Therefore, it can be expected that landscape scale environmental variation leads to nectar 
composition variation across populations, and that this may on its turn contribute to variation 
in fruiting success among populations. 
Detailed knowledge of landscape level intraspecific variation of nectar traits, of its 
environmental drivers, and of the consequences for plant reproductive success is lacking so 
far. Here, we used high performance anion exchange chromatography with pulsed 
amperometric detection (HPAEC-PAD) to analyze nectar sugar and AA composition in 11 
natural populations of the orchid species Gymnadenia conopsea, through sampling 986 
flowers from 296 individuals. G. conopsea is a long-tongued Lepidoptera pollinated orchid 
species typical for calcareous semi-natural grasslands (Meekers et al. 2012). Our first aim was 
to dissect the variation in nectar AA and sugar composition among populations, among plants 
within populations, and among flowers within plants. Second, we aimed at identifying the role 
of soil characteristics on nectar sugar and AA composition. Third, we evaluated the impact of 
nectar composition on plant fruiting success.  
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MATERIALS AND METHODS 
 
Study plant 
Gymnadenia conopsea (L.) (Fragrant orchid) is a perennial, terrestrial orchid, widely 
distributed throughout Eurasia (Komarov 1968) where the plants grow in open meadows from 
lowland up to subalpine levels. In Belgium, the species is mostly limited to dry calcareous 
grasslands (Lambinon et al. 1998). G. conopsea flowers in the middle of summer. Each 
flowering individual produces one inflorescence which consists of a dense spike of 10-80 
flowers varying in colour from pale pink to intense violet (Meekers et al. 2012) (Fig. 1a). The 
flowers produce a sweet slightly unpleasant vanilla-like scent composed of 45 different 
volatiles including the physio-logically active benzyl acetate, eugenol and benzyl benzoate 
(Huber et al. 2005); the spur is long and half-filled with nectar. G. conopsea is self-
compatible yet still pollinator dependent for successful fruit set since spontaneous autogamy 
or apomixis is absent (Gustafsson 2003). Floral traits of G. conopsea indicate generalization 
towards a wide range of long-tongued Lepidoptera species as potential pollinators, including 
diurnal and nocturnal moths and butterflies (Gustafsson & Sjögren-Gulve 2002; Huber et al. 
2005; Sletvold & Ågren 2010). Moreover, there appears to be a geographical gradient, with 
diurnal pollinators most important in northern population (Sletvold et al. 2012) whereas 
nocturnal pollinators are more important in the central and southern populations (Meyer, 
Kröger & Steffan-Dewenter 2007; Sletvold et al. 2012). 
 
Study site and field survey 
All studied G. conopsea populations grew on calcareous grasslands in the valley of the river 
Viroin in the south-western part of the Calestienne region, Southern Belgium (Fig. 1b). The 
mean annual temperature in this region is 9.8 °C, the area receives a mean annual 
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precipitation of 780 mm (Royal Meteorological Institute Belgium). Calcareous grasslands are 
found on spatially isolated stony outcrops at altitudes between 150 and 250 m (Adriaens, 
Honnay & Hermy 2006). We randomly selected 11 grasslands that contained a G. Conopsea 
population. Population sizes in the selected grasslands ranged between 15 and 500 flowering 
individuals (mean 136) and the number of sampled individuals in a population ranged 
between 10 and 70 (mean 29.6). The distance between the grasslands ranged between 0.6 and 
12.5 km (mean 5.4 km).  
Nectar samples were collected just before the flowering peak (between June 20 and 
June 30 2011). The day prior to nectar collection the inflorescence of the randomly selected 
individuals was bagged with a 1mm-mesh to allow nectar to build up in the spurs. The 
following morning, three to four of the most recently opened flowers per inflorescence were 
selected for nectar collection. Nectar was retrieved from the spur using 5 µl microcapillary 
tubes (Hirschmann Laborgeräte GmbH & Co. KG, Eberstadt, Germany). To avoid sample 
contamination, particular care was taken to avoid tissue damage. Nectar volume was 
determined in the field by measuring the fluid column in the tubes. Nectar samples were then 
cooled (4°) and transported to the laboratory, there they were diluted with 10µl sodium azide-
water (0.02% w/v) and frozen (-20 °C) until HPAEC-PAD analysis. In total, nectar was 
sampled from 986 flowers in 296 individuals. Furthermore, three mixed topsoil samples (0–10 
cm below the litter layer) were randomly collected in each population and transported to the 
lab for soil analysis. Finally, in August 2011, fruit set of each sampled individual was 
recorded as the percentage of flowers that turned into a fruit. Fruit set is the most widely used 
estimate of pollination and female reproductive success, especially in orchids (Proctor & 
Harder 1994; Neiland & Wilcock 1998; Pellegrino, Bellusci & Musacchio 2010). There are 
however some limitations. First, increased fruit set is not always translated into increased 
lifetime reproductive success, and second, fruit set of animal-pollinated plants can be limited 
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by both pollinators and resources. However, resource limitation likely has a negligible 
influence in our study system since supplemental hand pollinations significantly increased 
fruit set in all populations (Fig. S1).  
 
Analysis of nectar sugars and AAs with HPAEC-PAD 
Nectar composition was analyzed with a HPAEC-PAD on an ICS3000 chromatography 
system (Dionex, Sunnyvale, CA). Samples of different populations were analyzed in a 
random order, in this way different individuals of a population were examined over the entire 
period of analysis. Nectar analysis and detection were carried out at 32 °C with a flow rate of 
250 µl per min. Sugar analysis was performed by injecting 15 µl of diluted sample on a Guard 
CarboPac PA 100 column (2 x 50 mm; Dionex) in series with an analytical CarboPac PA 100 
column (2 x 250 mm; Dionex). Sugars were eluted in 90 mM NaOH, with an increasing 
NaAc-gradient from min 0 to 6, the NaAc-concentration increased linearly from 0 to 10 mM 
from min 6 to 16. From min 16 to 26 the NaAc-concentration increased linearly from 10 to 
100 mM, finally the concentration increased linearly from 100 to 175 mM from min 16 to 26. 
The columns were then regenerated with 500 mM NaAc for 1 min and equilibrated with 90 
mM NaOH for 9 min before the next run started.  
AA analyses started by injecting 15 µl of diluted sample on an AminoPac PA 10 
column (2 x 50 mm; Dionex) in series with an analytical AminoPac PA 10 column (2 x 250 
mm; Dionex). AAs were eluted in 50 mM NaOH for 13.8 min. From min 13.8 to 17.8 the 
NaOH concentration increased with curve 8 (concave) from 50 to 80 mM. From min 17.8 to 
25.8, NaOH concentration decreased from 80 to 60 mM while the sodium acetate 
concentration increased from 0 to 400 mM with curve 8. These concentrations were kept 
constant from min 25.8 to 41.8. The columns were then regenerated with 125 mM NaOH and 
500 mM sodium acetate for 1 min and equilibrated with 50 mM NaOH for 10 min before the 
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next run started. Retention times of both sugars and AAs were calibrated every four samples 
by injecting a mixture with standard sugars or AAs with known concentrations. The 
concentrations of the different sugars and AAs in each analyzed sample were estimated by 
comparing the area under the chromatogram peaks with standards using Chromeleon software 
(Dionex, Sunnyvale, CA). We replicated sugar and AA HPAEC-PAD analyses on a hundred 
randomly chosen nectar samples. Differences in the results of these replicated measurements 
were small (different measurements of the same sample differed less than 5%), hence errors in 
the analytical procedure are considered negligible. 
 
Soil variables  
All soil analyses were conducted on fresh samples, stored in a refrigerator at 5 °C for 
maximum one month prior to analysis. Soil pH was determined using a pH probe (Sentix 940, 
Germany) in a 1:25 soil ⁄ deionized water mixture. Soil organic matter (C) was determined by 
measuring the weight loss of dry soil after combustion of organic matter at 650 °C. As a 
measure of soil inorganic N availability, NH4+ and NO3- were extracted by shaking 10mg dry 
weight equivalent of soil in 100 mL of 1M KCl solution for one 1 h (Robertson et al. 1999). 
The extracts were then poured through Whatman No. 42 filter paper and colorimetrically 
analyzed by a segmented flow auto analyzer (Skalar, Breda, the Netherlands). Soil inorganic 
phosphorus (P) availability was determined with Olson P values by shaking 2 g dry weight 
equivalent of soil for 30 min with 0.5 M NaHCO3 at pH 8.5 followed by colorimetric analysis 
of the extracts using molybdenum blue (Lajtha et al. 1999). Population values are averages of 
the three soil samples as soil chemical analyses showed limited variation within populations. 
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Statistical analyses 
To reduce the dimensions of the obtained nectar AA data set, we performed a Principal 
Component Analysis (PCA) with Varimax rotation on the relative AA profile of all samples, 
using PCord version 6.0 (MjM Software Design, Gleneden Beach Oregon, USA). Scores of 
the samples on the first two PCA axes (PC1 and PC2) were then used as a measure for nectar 
AA composition in further analysis. 
In order to partition variance between and within populations, and within plant 
individuals, we performed variance components analyses of total nectar volume, sugar and 
AA concentration and composition, using SAS 9.2 (SAS Institute, Cary, North Carolina, 
USA). Sugar composition variables consisted of the relative proportion of the individual 
sugars: Suc, Glc and Fru. AA composition consisted of the variables PC1, PC2 and the 
relative proportion of the three most abundant AAs: glycine (Gly), alanine (Ala) and serine 
(Ser), together they account for almost 60% of the total AA concentration in G. conopsera. 
Variables Suc, Fru, Glc, Gly, Ala and Ser were expressed as proportions and were arcsine 
transformed to meet model assumptions. Variance components were estimated using 
restricted maximum likelihood (REML; e.g., Searle et al. 1992), as implemented in the 
MIXED procedure (Littell et al. 1996). This procedure provides approximate tests of 
significance based on standard normal deviates, but these tests may be unreliable (Littell et al. 
1996). Therefore, the RANDOM statement in the GLM procedure was used to produce F tests 
that reflect the statistical significance of variation among populations and among plants within 
populations. 
Next, linear mixed models were built to examine the effect of soil chemical 
composition on nectar characteristics. Nectar volume, sugar concentration and composition 
(proportion of Fru, Glc and Suc), and AA concentration and composition (PC1, PC2 and 
proportion of Gly, Ala and Ser) were used as the dependent variables. Variables Suc, Fru, 
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Glc, Gly, Ala and Ser were arcsin transformed to meet model assumptions. Mean soil pH, C, 
total N and P content of each population were included as fixed factors. Both ‘population’ and 
‘individuals nested within population’ were included as random factors in these models. 
Finally, a mixed model was built to quantify the effect of nectar characteristics on 
individual plant fruit set. Individual fruit set was arcsine transformed to meet model 
assumptions and included as the dependent variable. Individual nectar characteristics were 
simple averages over all sampled flowers in an individual. Nectar volume, sugar 
concentration, AA concentration and all first order interaction terms were included as fixed 
factors, together with Suc, PC1, PC2, population size and population isolation. Population 
was included as the random factor. Non-significant interaction terms (P > 0.05) were 
excluded from this model using a backward selection procedure. The habitat fragmentation 
variables population size and isolation may influence population fruiting success through 
pollinator and pollen limitation and altered pollinator communities (Aguilar et al. 2006; 
Eckert et al. 2010). These variables, however, were not significant (see Table S1), i.e. they 
were not confounding the effects of nectar composition on fruiting success and where 
excluded from the final model.  
In all mixed models, the variation inflation index of each predictor was lower than 
five, hence multicollinearity was not an issue. Also semi-partial R2β coefficients were 
obtained for each fixed effect using the method of Edwards et al. (2008). All linear mixed 
model analyses were performed using SPSS software (SPSS 20.0; SPSS Inc., Chicago, IL).  
 
RESULTS 
 
On average, a flower of G. conopsea contained 1.01 ± 0.02 µl of nectar. Nectar had an 
average sugar concentration of 644.0 ± 12.8 mM. Only Suc, Glc, and Fru appeared as nectar 
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sugars in all samples. Trace amounts of other, unidentified sugars were present in a few 
samples, but were not further considered. The disaccharide Suc was the most abundant sugar 
(80.8 ± 0.5%), whereas the hexose monosaccharides Glc and Fru were present in comparable 
quantities (10.9 ± 0.3% and 8.3 ± 0.3% respectively). Average total AA concentration in a G. 
conopsea flower was 8.98 ± 0.34 mM. Of the 20 protein AAs, only tryptophan was absent in 
the nectar samples, although 8 standard AAs (cystine, phenylalanine, isoleucine, leucine, 
methionine, proline, threonine and tyrosine) were only present in small quantities (≤ 1%), or 
were absent in some samples. The only non-coding AA retrieved was ornithine, which also 
appeared in small quantities (0.7 ± 0.02%). The AA profile of G. conopsea was dominated by 
Gly 34.1 ± 0.6%, Ala 13.9 ± 0.2% and Ser 9.0 ± 0.2% (Table 1). For detailed information on 
the nectar composition of G. conopsea see Table S2 in supporting information. 
The first two PCs of the PCA performed on the relative AA profile of all samples 
explained 81% of the total variance present. PC1 (66.6%) had a strong positive correlation 
with the most abundant nectar AA, Gly. PC2 (14.8%) correlated positively with aspartic acid, 
glutamic acid and arginine, and negatively with Ala, Ser and glutamine (see Table S3 and Fig. 
S2).  
All nectar characteristics of G. conopsea showed highly significant differences 
between populations and between individuals within populations (Table 2). Nectar volume, 
sugar concentration, AA concentration and AA composition had comparable amounts of 
variance at each level. Approximately 20% of their total variance was due to differences 
between populations, while 35% was due to differences among individuals, and 45% of total 
variance was present between different flowers within individuals (Table 2). For sugar 
composition, the variation in Suc, Glc and Fru between flowers of the same individual was 
responsible for up to 70% of total variation.  
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Nectar volume was negatively affected by soil total N content (Table 3). Total sugar 
concentration increased significantly with increasing soil carbon content, but nectar sugar 
composition was not affected by soil characteristics. Increasing soil N content had a 
significantly positive effect on the total AA concentration. Soil N content, together with soil 
pH also affected the AA profile of G. conopsea nectar (Table 3), especially Gly and Ser were 
affected. The relative abundance of Ser increased with increasing soil N content, whereas the 
relative importance of Gly decreased. 
Interaction terms did not significantly affect population fruit set and were removed 
from the model. Both decreasing PC2 and a decreasing proportion of Suc had a significantly 
positive effect on plant fruit set. Nectar volume, sugar and AA concentration did not affect 
fruit set (Table 4).  
 
DISCUSSION 
 
Nectar concentration and composition 
G. conopsea nectar is dominantly composed of Suc (80.8%), which is common for 
Lepidoptera pollinated species (Baker & Baker 1983). Lepidoptera pollinated plants are also 
known to have a relatively high AA concentration, which is attributed to the dietary needs of 
the pollinators (Baker & Baker 1975; Cahenzli & Erhardt 2013). Garden & Gilmans (2001) 
have reported nectar AA concentration of 30 insect-pollinated species to be within a 0.19 and 
12.7 mM range. We found an average concentration of 8.98 mM, this shows that the AA 
concentrations of G. conopsea is within the range by other authors and confirms that nectar of 
Lepidoptera pollinated plants have relatively high AA concentrations. Gly, Ala and Ser 
accounted for almost 60% of the total AA concentration. It is known that these AAs are 
among the most prevalent AAs found in nectar (Baker & Baker 1975; Rusterholz & Erhardt 
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1998), and that they promote insect growth (Dadd 1973). Next to the nutritional benefit, Gly 
and Ser may also affect insect behaviour through phagostimulating effects (Goldrich 1973; 
Kim & Smith 2000; Wada et al. 2001). 
In many plant species also proline was found to be an abundant nectar AA (Gardener 
& Gillman 2001a; Nicolson & Thornburg 2007), yet it is almost absent in nectar of G. 
conopsea. Proline is an important AA for many pollinators, especially Hymenoptera, because 
it enables fast production of ATP and provides fuel for the initial phase of flight (Carter et al. 
2006). However, the low contribution of proline to nectar composition of G. conopsea is not 
unusual. Others have found proline in only 2 out of 25 Lepidoptera-nectars studied (Baker & 
Baker 1975), indicating that proline may not have an equally important function in the 
metabolism of Lepidoptera. 
 
Variation in nectar composition 
Our study corroborates the results of earlier work in demonstrating that there is significant 
intraspecific variation in nectar volume and nectar sugar composition (Herrera, Pérez & 
Alonso 2006; Farkas et al. 2012), but it is the first to demonstrate high levels of intraspecific 
variation in nectar AA between and within individuals. Importantly, we found that the highest 
proportion of variation in nectar traits is situated within individuals. The extremely high inter-
plant variation in sugar composition (± 70%) may be caused by contamination of pollinator-
borne microorganisms (Canto et al. 2007; Herrera, Garcıa & Perez 2008). Jacquemyn et al. 
(2013) found high microorganism diversity in orchid nectar in the same study area, especially 
in animal pollinated species. Even though flowers where bagged 24h prior to sampling to 
allow nectar accumulation; contamination of the nectar of flowers open prior to the bagging 
cannot be excluded. When floral nectar is contaminated, microorganisms will adjust the 
nectar sugar composition through an external mechanism where Suc is hydrolyzed into its two 
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component monosaccharides Glc and Fru (Fig. 2b). Then the microorganisms selectively 
consume Glc which leads to Fru dominated nectars (Trumbly 1992). A similar pattern is 
apparent in our data. The large majority of samples are Suc dominated, however some 
samples are rich in hexose sugars. Those samples either had equal proportions of Glc and Fru 
present, or the nectar was dominated by Fru, but never by Glc (Fig. 2a). Although the 
influence of microorganisms on the intra-specific variation of AAs has not been studied yet, it 
is likely that their metabolism would modify the AA content. However it does not appear to 
have an equally strong effect on AA composition as on sugar composition. 
The high proportion of variation in nectar composition between different flowers of an 
individual is likely to affect the plant-pollinator relation. When searching for nectar, 
pollinating Lepidoptera probe the spur of multiple flowers in an inflorescence. From the 
pollinator’s perspective, a flower is therefore the elemental reward unit. While foraging, 
variance-sensitive, risk-averse pollinators will reduce the number of sequentially visited 
flowers in an individual when they encounter less favoured nectar types (Biernaskie, Cartar & 
Hurly 2002). This behaviour consequently lowers the chance of inbreeding and pollinia 
discounting. Extensive within plant variance in the nectar of hermaphroditic plants could 
therefore be an adaptive trait to reduce the costs of geitonogamous pollination (Pleasant 
1983). The high variation within individuals we found can also have important consequences 
for pollinator mediated selective forces on nectar composition. Even though nectar 
composition varies between individuals, pollinators may perceive this variation as random 
noise due to the broad range of nectar types they encounter within an inflorescence (Herrera, 
Pérez & Alonso 2006). Still, selection on nectar traits can only take place at the individual 
level. Hence, even if pollinators prefer a specific nectar type, their selective potential on floral 
nectar of an individual is hampered by the high variation within individuals. Contrary to 
general expectation, nectar composition may therefore not be subjected to strong pollinator-
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mediated selective forces capable of rapidly changing nectar composition (Baker & Baker 
1983; Leiss & Klinkhamer 2005; Jacquemyn et al. 2012). 
 
Effects of soil variables on nectar composition 
We found significant intraspecific variation in nectar traits at the landscape scale, which is 
correlated with soil variables. Environmental gradients were expected to cause the observed 
differences in nectar composition between populations (Lanza et al. 1995; Farkas et al. 2012). 
Soil nutrient composition and acidity can affect nectar volume, concentration and composition 
through a variety of mechanisms, including altered metabolite availability or altered growth 
of plant tissues (Gardener & Gillman 2001b). Overall, our results confirm earlier work based 
on experiments in controlled environments. We found a positive effect of soil nitrogen 
content on nectar production, corroborating work on Ipomopsis aggregata (Burkle & Irwin 
2009). Increasing soil N also increased AA concentration and affected AA composition, 
especially the relative abundance of Gly and Ser. In an experimental setup, Gardener & 
Gillman (2001b) also concluded that soil N content can influence nectar AA composition, 
however different AA were affected by soil N. AA composition was also affected by soil pH, 
potentially because both macro- and micronutrient availability to plants is affected by soil pH 
(Lucas & Davis 1961) and changes in nutrient availability can influence plant metabolism and 
nectar production (Gardener & Gillman 2001b). Baude et al. (2011) have reported that litter 
addition increased nectar sugar content in Lamium amplexicaule, and we found significantly 
increasing nectar sugar concentration with increasing soil organic matter. Sugar composition 
was not affected by any of the surveyed soil characteristics. Likely, the potential influences of 
soil characteristics on sugar composition were swamped by the extremely high within plant 
variability.  
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From a methodological viewpoint, our results have important implications for studies 
comparing nectar composition between different species. First, due to the high within 
individual variation, extensive within-individual sampling is required to capture this 
important source of variance (Steel & Torrie 1980; Herrera, Pérez & Alonso 2006). Second, 
comparisons of nectar characteristics between species growing under different environmental 
conditions may result in biased conclusions. We found that the average sugar and AA 
concentration could triple between different populations. When comparing nectar 
concentration and composition between species, preferentially only individuals growing under 
controlled environmental conditions should be considered for analyses. 
 
Fruit set 
So far, information on whether differences in nectar composition at a landscape scale affect 
population reproductive success was lacking. We showed that fruit set in G. conopsea was 
independent of nectar volume, sugar and AA concentration. Hence long-tongued Lepidoptera 
do not appear to preferentially pollinate populations with higher rewards. Sugar and AA 
composition, however, did affect fruit set. PC 2 had the strongest impact on fruit set, and this 
variable reflects the relative contribution of a wide set of AAs (see Table S3). AA 
composition is known to affect nectar taste and scent and hence pollinator behaviour 
(González-Teuber & Heil 2009; Nepi 2013). Changes in pollinator behaviour, including the 
number of flowers probed on an inflorescence, or the number of individuals visited in a 
population, can have a strong impact on fruiting success. Also a declining proportion of Suc 
had a positive effect on fruit set. This is surprising since Lepidoptera have been reported to 
prefer Suc rich nectar (Baker & Baker 1983). However, the negative relation between fruit set 
and Suc could simply be caused by abundant pollinator activity. This will result in increased 
fruit set, but also increases the degree of contamination by Suc hydrolyzing microorganisms. 
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Clearly, since fruiting success is an indirect measure of pollinator activity, we cannot be 
certain that we have retrieved a causal relation between reproductive success and nectar type. 
Nevertheless, our results at least show that nectar traits can explain part of the variation in 
fruiting success between populations. Future research should therefore experimentally link 
nectar characteristics with pollinator behaviour. 
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TABLES 
Table 1. Trait means and standard deviations of the nectar characteristics of 11 Gymnadenia conopsea populations in the Viroin valley, Belgium 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pop Volume (µl) Sugar (mM) Suc (%) Glc (%) Fru (%) AA (mM) Gly (%) Ala (%) Ser (%) 
1 0.58 ± 0.25 432.8 ± 125.5 85.8 ± 11.2 8.3 ± 6.3 5.9 ± 4.9 9.8 ± 5.8 37.6 ± 13.3 19.5 ± 1.5 10.6 ± 3.3 
2 0.21 ± 0.14 1294.3 ± 654.0 86.0 ± 7.0 8.5 ± 3.9 5.5 ± 3.2 21.3 ± 8.5 33.6 ± 16.9 22.4 ± 3.4 11.9 ± 6.4 
3 1.27 ± 0.55 639.2 ± 207.1 83.2 ± 12.7 9.1 ± 6.3 7.7 ± 6.5 7.5 ± 5.1 36.7 ± 17.5 13.3 ± 4.8 6.2 ± 2.9 
4 0.80 ± 0.51 921.7 ± 501.4 84.0 ± 15.7 9.1 ± 8.5 6.8 ± 7.3 9.2 ± 4.5 43.0 ± 17.0 16.0 ± 3.8 7.3 ± 5.3 
5 1.21 ± 0.59 361.7 ± 146.3 76.2 ± 11.7 12.8 ± 6.5 11.0 ± 5.3 6.7 ± 4.2 39.8 ± 15.7 12.9 ± 3.4 8.6 ± 4.5 
6 1.30 ± 0.80 729.7 ± 396.7 80.8 ± 14.0 10.4 ± 7.6 8.9 ± 6.7 5.8 ± 4.4 39.1 ± 15.9 10.5 ± 3.6 5.8 ± 4.4 
7 0.20 ± 0.14 1036.6 ± 367.5 78.5 ± 7.1 14.0 ± 4.0 7.6 ± 3.3 20.0 ± 4.2 30.5 ± 15.4 16.9 ± 3.9 13.1 ± 4.9 
8 0.61 ± 0.18 453.8 ± 53.3 95.4 ± 1.8 2.9 ± 1.2 1.6 ± 0.6 5.1 ± 1.4 22.3 ± 5.1 21.0 ± 2.6 14.4 ± 3.6 
9 0.48 ± 0.24 355.9 ± 113.4 87.4 ± 7.7 7.3 ± 3.9 5.2 ± 3.9 5.9 ± 3.2 17.1 ± 8.6 9.6 ± 2.3 9.8 ± 3.8 
10 0.71 ± 0.54 434.4 ± 291.5 71.1 ± 19.2 18.4 ± 13.2 10.5 ± 6.8 14.9 ± 12.0 18.3 ± 8.7 16.7 ± 5.4 14.0 ± 4.2 
11 0.62 ± 0.36 588.5 ± 204.4 67.9 ± 19.0 12.7 ± 9.5 10.4 ± 9.5 13.8 ± 9.9 37.8 ± 17.4 19.7 ± 3.4 9.4 ± 3.6 
 
Abbreviations: Pop= Population, Suc=Sucrose, Glc=Glucose, Fru=Fructose, AA=Amino Acids, Gly=Glycine, Ala=Alanine, 
Ser=Serine 
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Table 2. Variation in nectar characteristics of Gymnadenia conopsea between populations, 
between plants within a population and between flowers within a plant; F-tests, significance 
levels and percentage of variance explained are presented 
 
Populations Plants  Flowers 
F P % F P % % 
Volume (µl) 51.3 <0.001 20.3 4.0 <0.001 34.9 44.9 
Sugar (mM) 67.5 <0.001 26.1 3.9 <0.001 32.0 41.9 
   Suc (%) 10.7 <0.001 5.9 2.3 <0.001 23.9 70.2 
   Glc (%) 14.4 <0.001 8.1 2.3 <0.001 23.1 68.7 
   Fru (%) 11.5 <0.001 6.3 2.4 <0.001 25.2 68.5 
AA (mM) 29.0 <0.001 16.0 3.41 <0.001 36.5 47.4 
   PC1 20.9 <0.001 12.6 2.8 <0.001 32.9 54.5 
   PC2 58.6 <0.001 24.6 4.3 <0.001 39.2 36.2 
   Gly (%) 21.7 <0.001 13.4 2.7 <0.001 31.1 55.5 
   Ala (%) 59.6 <0.001 27.9 3.3 <0.001 30.8 41.3 
   Ser (%) 53.7 <0.001 24.8 4.0 <0.001 37.0 38.2 
 
Abbreviations: Suc=Sucrose, Glc=Glucose, Fru=Fructose, AA=Amino 
Acids, Gly=Glycine, Ala=Alanine, Ser=Serine 
 
 
Table 3. Results of the linear mixed models performed to examine the effect of soil nutrients 
and acidity on nectar characteristics of Gymnadenia conopsea; Estimates, F-statistics, 
significance levels and semi-partial R2β are presented 
  pH   Csoil (%)   Psoil (mg kg-1)   Nsoil (mg kg-1)  
  Estimate F R2β   Estimate F R2β   Estimate F R2β   Estimate F R2β 
Volume 
(µl) 
0.2 1 0.12   0.5 <0.1 <0.01   <-0.1 <0.1 <0.01   -0.1** 7 0.57
Sugar 
(mM) 
109 0.7 0.1   5463.6** 8.3 0.6   5.9 1.1 0.18   -8.4 0.5 0.1 
   Suc (%) -2.2 0.2 0.03   -16.4 0.1 0.01   0.1 0.4 0.08   -0.3 0.5 0.1 
   Glc (%) 1.5 0.2 0.04   12.6 0.1 0.01   -0.1 0.3 0.07   0.3 1.2 0.2 
   Fru (%) 1.4 0.2 0.04   13.8 0.1 0.02   -0.1 0.4 0.08   0.1 <0.1 0.01
AA (mM)  0.8 0.1 0.01   69.7 2.6 0.3   <-0.1 <0.1 <0.01   0.8** 10 0.72
   PC1 -2.4 0.1 0.02   55 0.3 0.05   0.3 0.9 0.14   -1.2* 4.4 0.47
   PC2 7.6 2.3 0.27   66.9 0.8 0.12   -0.2 0.6 0.1   -0.6 2 0.27
   Gly (%) -1 0.1 0.01   33.6 0.3 0.05   0.1 0.7 0.11   -0.7* 4.2 0.45
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   Ala (%) -5.0* 3.9 0.39   -39.8 1.1 0.16   0.1 1.3 0.19   0.3 1.4 0.2 
   Ser (%) -2.5 1.7 0.21   -41.1 2.2 0.28   <-0.1 0.1 0.1   0.5** 11.3 0.7 
*0.05 ≤ P < 0.1; **0.001 ≤ P < 0.05; Abbreviations: Suc=Sucrose, Glc=Glucose, Fru=Fructose, AA=Amino 
Acids, Gly=Glycine, Ala=Alanine, Ser=Serine 
 
Table 4. Result of the linear mixed model performed to examine the effect of nectar variables 
on the fruit set of Gymnadenia conopsea; estimates, F-statistics, significance levels and semi-
partial R2β are presented 
 
Fruitset (%) 
Estimate F R2β 
Volume (µl) 2.78 2.13 0.015 
Sugar (mM) < 0.01 1.45 0.017 
Suc (%) -0.12* 2.88 0.016 
AA (mM) < 0.01 0.11 0.001 
PC1 -0.02 0.15 0.001 
PC2 -0.27** 5.20 0.043 
*0.05 ≤ P < 0.1; **0.001 ≤ P < 0.05; 
Abbreviations: Suc=Sucrose, AA=Amino 
acids 
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Fig 1: a) The inflorescence of Gymnadenia conopsea and b) the study area in the Viroin 
valley, Belgium, visualizing the sampled G. conopsea populations 
 
 
 
Fig 2: a) Ternary diagram of the variation in nectar sugar profile in 986 flowers of 
Gymnadenia conopseanectar b) The chemical structure and hydrolysis of Sucrose into 
Glucose and Fructose. 
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